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D (QHUJ\ 6\VWHPV 5HVHDUFK 8QLW 'HSW 0HFKDQLFDO 	 $HURVSDFH (QJLQHHULQJ 8QLYHUVLW\ RI
6WUDWKFO\GH  0RQWURVH 6W * ;- *ODVJRZ 6FRWODQG
FRUUHVSRQGLQJ DXWKRU DXHHBbQM!bi`i?X+XmF
$%675$&7
&RPPHUFLDO RIILFH EXLOGLQJV DUH D NH\ WDUJHW IRU
HQHUJ\ UHGXFWLRQ PHDVXUHV 2QH PHWKRG RI UH
GXFLQJ FRPPHUFLDO EXLOGLQJV¶ HQHUJ\ FRQVXPS
WLRQ LV WR PDNH WKHP PRUH DXWRQRPRXV ± FUHDWLQJ
PRUH RI WKHLU RZQ HQHUJ\ GLVSRVLQJ RI WKHLU RZQ
ZDVWH FROOHFWLQJ WKHLU RZQ ZDWHU XOWLPDWHO\ EHLQJ
DV VXVWDLQDEOH DV SRVVLEOH LH VHOIVXVWDLQLQJ
$ PRYH WRZDUGV WKHVH HQHUJ\ DXWRQRPRXV V\V
WHPV FRXOG EH DFFRPSOLVKHG E\ WKH XVH RI UHQHZ
DEOH DQG FRJHQHUDWLRQ HQHUJ\ VRXUFHV +RZ
HYHU WKHUH DUH D PXOWLWXGH RI WKHVH HQHUJ\
VRXUFHV DYDLODEOH VXFK DV FRPELQHG KHDW DQG
SRZHU &+3 WKHUPDO HQHUJ\ VWRUDJH DQG HOHF
WULFDO HQHUJ\ VWRUDJH SODQWV KHDW SXPSV SKRWR
YROWDLFV HWF 0DNLQJ WKHVH V\VWHPVZRUN WRJHWKHU
SUHVHQWV D FRQWURO FKDOOHQJH IRU WKHLU HIILFLHQW XVH
HVSHFLDOO\ VLQFH WKH\ FDQ KDYH D VLPXOWDQHRXV
HIIHFW RQ ERWK WKH WKHUPDO DQG HOHFWULFDO HQHUJ\
QHWZRUNV
7KLV SDSHU GHVFULEHV D UREXVW PXOWLLQSXW PXOWL
RXWSXW 0,02 FRQWUROOHU DSSOLFDEOH WR DQ\ FRQ
ILJXUDWLRQ RI WKH DIRUHPHQWLRQHG V\VWHPV ZLWK
WKH FRQWURO JRDO RI PLQLPLVLQJ WKH HOHFWULFDO JULG
XWLOLVDWLRQ RI DQ RIILFH EXLOGLQJ ZKLOH PDLQWDLQLQJ
WKH WKHUPDO FRPIRUW RI WKH RFFXSDQWV
7KH FRQWUROOHU HPSOR\V WKH LQYHUVH G\QDPLFV RI
WKH EXLOGLQJ PHFKDQLFDOVHUYLFLQJ V\VWHPV DQG
HQHUJ\ VWRUDJH ZLWK D UREXVW FRQWURO PHWKRGRORJ\
7KLV LQYHUVH G\QDPLFV SURYLGHV WKH FRQWUROOHU ZLWK
NQRZOHGJH RI WKH FRPSOH[ FDXVH DQG HIIHFW UH
ODWLRQVKLSV EHWZHHQ WKH V\VWHP WKH FRQWUROOHG
LQSXWV DQG WKH H[WHUQDO GLVWXUEDQFHV ZKLOH DQ
RXWHUORRS FRQWURO HQVXUHV UREXVW VWDEOH FRQWURO
LQ WKH SUHVHQFH RI SURFHVV XQFHUWDLQW\ DQG XQ
NQRZQ GLVWXUEDQFHV
5HVXOWV LQGLFDWH WKDW WKH FRQWURO VWUDWHJ\ LV HI
IHFWLYH LQ PLQLPLVLQJ WKH HOHFWULFDO JULG XVH DQG
PD[LPLVLQJ WKH XWLOLVDWLRQ RI WKH DYDLODEOH UHQHZ
DEOH HQHUJ\ ± WRZDUGV QHW]HUR RIILFH EXLOGLQJV ±
DQG VKRZV WKH SRWHQWLDO IRU GHSOR\PHQW LQ IXWXUH
HQHUJ\DXWRQRPRXV RIILFH EXLOGLQJV
.H\ZRUGV UREXVW FRQWURO QHW]HUR RIILFHV HQ
HUJ\ VWRUDJH FRPELQHG KHDW 	 SRZHU
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&RPPHUFLDO RIILFH EXLOGLQJV DUH D NH\ WDUJHW IRU
HQHUJ\ UHGXFWLRQ PHDVXUHV 2QH PHWKRG RI UH
GXFLQJ FRPPHUFLDO EXLOGLQJV¶ HQHUJ\ FRQVXPS
WLRQ LV WR PDNH WKHP PRUH DXWRQRPRXV ± FUHDWLQJ
PRUH RI WKHLU RZQ HQHUJ\ GLVSRVLQJ RI WKHLU RZQ
ZDVWH FROOHFWLQJ WKHLU RZQ ZDWHU XOWLPDWHO\ EHLQJ
DV VXVWDLQDEOH DV SRVVLEOH LH VHOIVXVWDLQLQJ
$ PRYH WRZDUGV WKHVH HQHUJ\ DXWRQRPRXV V\V
WHPV FRXOG EH DFFRPSOLVKHG E\ WKH XVH RI UHQHZ
DEOH DQG FRJHQHUDWLRQ HQHUJ\ VRXUFHV &RP
ELQHG KHDW DQG SRZHU &+3 V\VWHPV DUH D
SURPLVLQJ WHFKQRORJ\ IRU WKHVH IXWXUH HQHUJ\ DX
WRQRPRXV RIILFHV DV KHDW DQG SRZHU DUH VLPXO
WDQHRXVO\ UHTXLUHG GXULQJ WKH RSHUDWLQJ KRXUV
RI W\SLFDO RIILFH EXLOGLQJV )XUWKHUPRUH GXH WR
WKH KLJK WKHUPDO HIILFLHQFLHV DQG WKH SURGXFWLRQ
RI LPPHGLDWHO\ XVDEOH HOHFWULFLW\ 6WLUOLQJ HQJLQH
EDVHG &+3V DUH LGHDO IRU LVRODWHG RU RIIJULG DS
SOLFDWLRQ >@ +RZHYHU WKH HIILFLHQW XVH RI &+3
V\VWHPV LQ RIIJULG DSSOLFDWLRQV SUHVHQWV D FRQWURO
FKDOOHQJH GXH WR WKLV VLPXOWDQHRXV SURGXFWLRQ RI
WKHUPDO DQG HOHFWULFDO HQHUJ\ ± HVSHFLDOO\ ZLWK QR
HOHFWULFDO EXIIHU W\SLFDOO\ SURYLGHG E\ WKH HOHFWULFDO
JULG WR DFFRXQW IRU WKH LQWHUPLWWHQW QDWXUH RI SKR
WRYROWDLFV 39 RU ZKHQ WKH &+3 LV XQDEOH WR IXOILO
WKH GHPDQG
0DQ\ RI WKH FXUUHQW DSSURDFKHV WR WKH FRQWURO
RI WKHVH K\EULG HQHUJ\ VXSSO\ V\VWHPV LQYROYHV
PRGHO SUHGLFWLYH FRQWURO > @ DQGRU RSWLPLVDWLRQ
PHWKRGV > @ 7KHVH DUH YHU\ XVHIXO WRROV IRU
GHWHUPLQLQJ WKH IHDVLELOLW\ RI D SURSRVHG HQHUJ\
VXSSO\ V\VWHP RU WKH RSWLPDO RSHUDWLRQDO VWUDWHJ\
SURYLGHG WKH DVVXPSWLRQV RQ WKH SHUIRUPDQFH RI
WKH V\VWHPV DUH LQ OLQH ZLWK WKH WKRVH SUHGLFWHG
E\ WKH PRGHOV +RZHYHU WKH LVVXH ZLWK WKHVH
DSSURDFKHV LV WKDW WKH\ QRW RQO\ UHO\ RQ PRGHOV WR
SUHGLFW WKH RSWLPXP RSHUDWLRQ UHJLPH EXW UDUHO\
LV DWWHQWLRQ JLYHQ WR WKH FRQWURO VWUDWHJ\ XVHG
LQ RSHUDWLRQ LH LW LV DVVXPHG WKDW D WKHUPDOO\
OHG &+3 LV FDSDEOH RI SURYLGLQJ WKH WKHUPDO ORDG
ZKHQ LW LV UHTXLUHG DQG VLPLODUO\ IRU HOHFWULFDOO\OHG
V\VWHPV
7KHVH HQHUJ\ V\VWHPV ± DQG WKH H[WHUQDO HQYL
URQPHQW LQ ZKLFK WKH\ RSHUDWH ± FDQQRW EH PRG
HOOHG SUHFLVHO\ PD\ FKDQJH LQ DQ XQSUHGLFWDEOH
PDQQHU DQG PD\ EH VXEMHFW WR VLJQLILFDQW GLV
WXUEDQFHV 7KH GHVLJQ RI EXLOGLQJ HQHUJ\ PDQ
DJHPHQW V\VWHPV LQ WKH SUHVHQFH RI VLJQLILFDQW
XQFHUWDLQW\ UHTXLUHV WKH GHYHORSPHQW RI D UREXVW
FRQWURO V\VWHP 5HFHQW DGYDQFHV LQ UREXVW FRQ
WURO GHVLJQ PHWKRGRORJLHV FDQ DGGUHVV VWDELOLW\
UREXVWQHVV DQG SHUIRUPDQFH UREXVWQHVV LQ WKH
SUHVHQFH RI XQFHUWDLQW\ LQ WKH PRGHOV
7KH ]RQH DQG SODQW PRGHOV ZLOO DOZD\V EH DQ




 XQPRGHOOHG WLPH GHOD\V
 FKDQJHV LQ HTXLOLEULXP SRLQW RSHUDWLQJ SRLQW
 VHQVRU QRLVH
 XQSUHGLFWHG GLVWXUEDQFH LQSXWV
7KH JRDO RI UREXVW V\VWHPV GHVLJQ LV WR UHWDLQ DV
VXUDQFH RI V\VWHP SHUIRUPDQFH LQ VSLWH RI PRGHO
LQDFFXUDFLHV DQG FKDQJHV $ V\VWHP LV UREXVW
ZKHQ WKH V\VWHP KDV DFFHSWDEOH FKDQJHV LQ SHU
IRUPDQFH GXH WR PRGHO FKDQJHV RU LQDFFXUDFLHV
7KLV GLVWXUEDQFH DWWHQXDWLRQ LV HVSHFLDOO\ LPSRU
WDQW LQ RIIJULG DSSOLFDWLRQV ZKHQ FRQVLGHULQJ WKH
LPSDFW RI DQ XQGHUVL]HG RU RYHUVL]HG V\VWHP )RU
H[DPSOH WKHUH PD\ EH RFFDVLRQV ZKHQ WKH DYDLO
DELOLW\ RI WKH 39 V\VWHP HQHUJ\ H[FHHGV ERWK WKH
SRZHU GHPDQG DQG WKH DYDLODEOH VWRUDJH FDSDF
LW\
7KLV SDSHU GHVFULEHV D UREXVW PXOWLLQSXW PXOWL
RXWSXW 0,02 FRQWUROOHU ZLWK D PHWKRGRORJ\ WKDW
LV DSSOLFDEOH WR DQ\ FRQILJXUDWLRQ RI FRJHQHUDWLRQ
DQG UHQHZDEOH HQHUJ\ V\VWHPV ZLWK WKH FRQWURO
JRDO RI PLQLPLVLQJ WKH HOHFWULFDO JULG XWLOLVDWLRQ RI
DQ RIILFH EXLOGLQJ ZKLOH PDLQWDLQLQJ WKH WKHUPDO
FRPIRUW RI WKH RFFXSDQWV
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$ UREXVW FRQWURO PHWKRG RI FRQWURO DOORZV WKH PRG
HOV WR EH LPSUHFLVH ZKHUH WKH LPSUHFLVLRQ LQ WKLV
V\VWHP VWHPV IURP WZR PDMRU DUHDV
6\VWHP XQFHUWDLQW\ ,W LV QRW SRVVLEOH WR NQRZ
SUHFLVHO\ WKH V\VWHP SDUDPHWHUV HJ WKH H[DFW
KHDW FDSDFLW\ RI WKH EXLOGLQJ VWUXFWXUH RU WKH KHDW
WUDQVIHU FRHIILFLHQWV RU WKH YDVW DUUD\ RI GLVWXU
EDQFHV WR WKH V\VWHP
6LPSOLILHG G\QDPLFV 7KH PRGHOV XVHG LQ WKLV
VWXG\ DUH SXUSRVHIXOO\ D VLPSOLILHG UHSUHVHQWDWLRQ
RI WKH RYHUDOO V\VWHP HJ XVLQJ D UHGXFHG PRGHO
RI WKH EXLOGLQJ VWUXFWXUH PRGHOOLQJ WKH UDGLDWLRQ
KHDW WUDQVIHU DV OLQHDU QHJOHFWLQJ WKH PRGHOOLQJ
RI WKH KLJK IUHTXHQF\ G\QDPLFDO PRGHV VXFK DV
LQWHUQDO PHFKDQLVPV RI WKH &+3 SODQW RU WKHUPDO
VWRUH HWF
,Q FRQWURO OLWHUDWXUH WKHVH WZR DUHDV RI LP
SUHFLVLRQ DUH NQRZQ DV VWUXFWXUHG XQFHUWDLQ
WLHV UHODWHG WR WKH SDUDPHWULF XQFHUWDLQWLHV DQG
XQVWUXFWXUHG XQFHUWDLQWLHV WKH XQPRGHOOHG RU
UHGXFHGRUGHU G\QDPLFV >@
5REXVW FRQWUROOHUV DUH FRPSULVHG RI WZR SDUWV
 7KH LQQHU PRGHO UHGXFWLRQ FRPSRQHQW ± FRP
PRQO\ D IHHGEDFN OLQHDULVDWLRQ RU LQYHUVH FRQ
WURO ODZ DQG
 $Q RXWHU FRPSRQHQW XVHG WR DFFRXQW IRU WKH
VWUXFWXUHG XQFHUWDLQWLHV
7KH IROORZLQJ VHFWLRQ GHWDLOV WKHVH WZR FRPSR
QHQWV RI WKH FRQWUROOHU WKDW FDQ EH XVHG IRU WKH
UREXVW FRQWURO RI K\EULG HQHUJ\ VXSSO\ V\VWHPV LQ
RIILFH EXLOGLQJV
1RQOLQHDU LQYHUVLRQ FRQWURO ODZ
7KH GLIIHUHQWLDO HTXDWLRQV WKDW JRYHUQ WKH G\QDP
LFV RI WKH RIILFH ]RQH DQG LWV HQHUJ\ V\VWHPV
FDQ EH ZULWWHQ LQ VWDWHVSDFH IRUP DV WKH FODVV
RI QRQOLQHDU 0,02 FRQWUROLQSXWDIILQH V\VWHPV
GHVFULEHG E\ሶ࢞ሺݐሻ J? ࢌሺ࢞ሺݐሻሻ J? ࡳሺ࢞ሺݐሻሻ࢛ሺݐሻ࢟ሺݐሻ J? ࢎሺ࢞ሺݐሻሻ 
ZKHUH ࢞ሺݐሻ א ԹH?LV WKH VWDWH YHFWRU ࢟ሺݐሻ א ԹH?DUH
WKH PHDVXUHG RXWSXWV ࢛ሺݐሻ C? ܷ א ԹH? DUH WKH
FRQWUROOHG LQSXWV ࢌ ׷ ԹH?՜ ԹH?DQG ࢎ ׷ ԹH?՜ ԹH?
DUH VPRRWK YHFWRU ILHOGV DQG ࡳ ׷ ԹH?՜ ԹH?J?ԹH? LV D PDWUL[ ZKRVH FROXPQV ࢍH?׷ ԹH?՜ ԹH?݆ J? ͳǡ ǥ ǡ݉ DUH VPRRWK YHFWRU ILHOGV $OVR IRU
QRWDWLRQDO FRPSDFWQHVV IURP QRZ RQ WKH WLPH
GHSHQGHQFH LV LPSOLHG VR WKDW ࢞ C? ࢞ሺݐሻ ࢛ C? ࢛ሺݐሻ࢟ C? ࢟ሺݐሻ
7KH FRQWURO REMHFWLYH LV WR PDNH DQ\ RXWSXW ݕH?VXFK DV LQWHUQDO DLU WHPSHUDWXUH RU HOHFWULFDO
JULG SRZHU XVH WUDFN D GHVLUHG WUDMHFWRU\ ZKLOH
NHHSLQJ WKH V\VWHP VWDEOH 7KH GLIILFXOW\ ZLWK WKLV
LV WKDW DQ\ RXWSXW LV RQO\ LQGLUHFWO\ UHODWHG WR D
FRQWUROOHG LQSXW WKURXJK WKH VWDWH YDULDEOHV DQG
WKH QRQOLQHDU VWDWH HTXDWLRQV )RU H[DPSOH D
GLUHFW FRQYHFWLYH DLU KHDWHU ZLOO KDYH D PRUH GHOLE
HUDWH HIIHFW RQ WKH DLU WHPSHUDWXUH WKDW D K\GURQLF
UDGLDWRU 7KH LQDELOLW\ WR TXLFNO\ VHH D FKDQJH LQ
WKH RXWSXW EDVHG XSRQ D FKDQJH LQ WKH FRQWUROOHG
LQSXW RIWHQ UHVXOWV LQ SRRU FRQWURO DQG LQHIILFLHQW
XWLOLVDWLRQ RI WKH HQHUJ\ V\VWHPV ,Q EXLOGLQJV D
FRPPRQ UHVXOW RI WKLV LV RYHUKHDWLQJFRROLQJ
$ PHDVXUH RI WKLV ¶LQGLUHFWQHVV¶ LV WKH UHODWLYH RU
GHUGHJUHH RI WKH RXWSXW )URP WKH PDWKHPDWLFDO
UHSUHVHQWDWLRQ RI WKH V\VWHP  LW LV SRVVLEOH WR
FDOFXODWH WKH UHODWLYH GHJUHH RI HDFK RXWSXW LQ UHOD
WLRQ WR WKH FRQWUROOHG LQSXW 7KLV LV GHWHUPLQHG E\
FRQWLQXDOO\ GLIIHUHQWLDWLQJ WKH RXWSXW RI WKH V\VWHP
XQWLO WKH FRQWURO DSSHDUVሶݕH?J? ݄H?ݐ J? ߲݄H?߲࢞ ࢞ݐ J? ࢌࣦ݄H?ሷݕH?J? ߲ࣦࢌ݄H?߲࢞ ࢞ݐ J? ࣦH?ࢌ݄H?C?ݕሺH?ሻH? J? ࣦH?ࢌ݄H? IRU ݇ J? ߩH?ݕሺఘ೔ሻH? J? ఘࣦ೔ࢌ ݄H?J? H?J?H?H?H?ࣦࢍ೔ࣦఘ೔H?H?ࢌ ݄H?ݑH? 
ZKHUH ࣦ GHQRWHV WKH /LH GHULYDWLYH DQG IRU DW
OHDVW RQH ݆ ࣦࢍ೔ࣦఘ೔H?H?ࢌ ݄H?J? Ͳ DQG ߩH?GHQRWHV WKHUHODWLYH GHJUHH RI RXWSXW ݕH?LH WKH UHODWLYH GHJUHHFRUUHVSRQGV WR WKH ORZHVW RUGHU GHULYDWLYH RI WKH
RXWSXW WKDW GHSHQGV H[SOLFLWO\ RQ DQ LQSXW
7KH VDPH PHWKRG  FDQ EH DSSOLHG WR HDFK
RXWSXW RI WKH V\VWHP  DQG ZULWWHQ WRJHWKHU




ࣦఘభࢌ ݄H?ࣦఘమࢌ ݄H?C?ࣦఘ೘ࢌ ݄H?
C?C?C?C?C?ᇣᇧᇧᇤᇧᇧᇥࡼሺ࢞ሻ
J?C?C?C?C?C?
ࣦࢍభࣦఘభH?H?ࢌ ݄H? ǥ ࣦࢍ೘ࣦఘభH?H?ࢌ ݄H?ࣦࢍమࣦఘమH?H?ࢌ ݄H? ǥ ࣦࢍ೘ࣦఘమH?H?ࢌ ݄H?C? ǥ C?ࣦࢍ೘ࣦఘ೘H?H?ࢌ ݄H? ǥ ࣦࢍ೘ࣦఘ೘H?H?ࢌ ݄H?
C?C?C?C?C?ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥࡽሺ࢞ሻ
࢛
RU Ƹ࢟ J? ࡼሺ࢞ሻ J? ࡽሺ࢞ሻ࢛ 
,I WKH PDWUL[ ࡽሺ࢞ሻ LQ  LV LQYHUWLEOH WKHQ XWLOLVLQJ
IHHGEDFN FRQWURO RI WKH IRUP࢛ J? ሺࡽሺ࢞ሻሻH?H?ሺJ?ࡼሺ࢞ሻ J? ࢜ሻ 





C?C?C?C? DƸ࢟ J? ࢜ E
ZKHUH HDFK ݒH?LV DQ RXWHUORRS FRQWURO ODZ WR EHGHILQHG LQ RUGHU WR DFKLHYH WKH UHTXLUHG SHUIRU
PDQFH WUDFNLQJ RQ ݕH? ,W FDQ EH VHHQ WKDW XWLOLVLQJ KDV UHVXOWHG LQ DQ LQSXWRXWSXW UHODWLRQ WKDW LV
OLQHDULVHG DQG GHFRXSOHG VXFK WKDW HDFK RXWSXWݕH?LV D OLQHDU IXQFWLRQ RI D VLQJOH LQSXW ݒH? )RUWKLV UHDVRQ  LV FDOOHG D GHFRXSOLQJ FRQWURO
ODZ DQG WKH LQYHUWLEOH PDWUL[ ࡽሺ࢞ሻ LV FDOOHG WKH
GHFRXSOLQJ PDWUL[ RI WKH V\VWHP  >@
5REXVW RXWHUORRS FRQWURO
7KH GHFRXSOLQJ FRQWURO ODZ DORQH VXIIHUV WKH VDPH
GUDZEDFNV DV PRGHO SUHGLFWLYH FRQWURO ± LQ RUGHU
WR DVVXUH WKDW WKH V\VWHP KDV EHHQ GHFRXSOHG
DQG HDFK ݒH?FDQ EH VHOHFWHG LQGHSHQGHQWO\ ± UHOLHV RQ DQ DFFXUDWH PRGHO RI WKH V\VWHP +RZ
HYHU LV LW SRVVLEOH WR LQWURGXFH D UREXVW RXWHU
ORRS FRQWURO WR DFFRXQW IRU WKH XQFHUWDLQW\ LQ WKH
PRGHO DQG GLVWXUEDQFHV 7KH W\SLFDO FKRLFH IRU
WKH RXWHUORRS FRQWUROOHU LV GHVLJQHG VR WKDW WKH
RXWSXW ݕH?DV\PSWRWLFDOO\ WUDFNV WKH GHPDQG WUDMHFWRU\ ݕGǡH? )RU H[DPSOH LQ EXLOGLQJ DQG HQHUJ\V\VWHPV FRQWURO GHPDQG WUDMHFWRULHV DUH W\SLFDOO\
WKH DLU WHPSHUDWXUH VHWSRLQWV )RU WKLV ZRUN DQ
RXWHUORRS FRQWUROOHU KDV EHHQ XWLOLVHG WKDW LV D
FRPELQDWLRQ RI ORFDO DV\PSWRWLF VWDELOLVDWLRQ YLD
SROH SODFHPHQW DQG LQWHJUDO DFWLRQ 7KLV W\SH
RI FRQWURO NQRZQ DV SVHXGRGHULYDWLYHIHHGEDFN
3') FRQWURO ZDV SLRQHHUHG E\ 3KHODQ >@ DV DQ
DOWHUQDWLYH WR WKH WUDGLWLRQDO SURSRUWLRQDOLQWHJUDO
3, FRQWUROOHU WKDW LV XVHG LQ PRVW RI FDVHV LQ WKH
LQGXVWU\ 7KLV FRQWURO KDV EHHQ SURYHQ WR SHUIRUP
EHWWHU WKDQ 3, ZKHQ WKH UHODWLYH RUGHU RI WKH RXWSXW
LV OHVV WKDQ WZR ߩH?J? ʹ EXW LV DOVR DSSOLFDEOHWR V\VWHPV ZLWK D RUGHU RI JUHDWHU WKDQ WZR ± WR
ZKLFK 3, FRQWURO LV QRW VXLWDEOH VLQFH WKH RUGHU
LV KLJKHU WKDQ WKH GHJUHHV RI IUHHGRP SURYLGHG
E\ WKH FRQWUROOHU 7KH VXSHULRU SHUIRUPDQFH LV
JDLQHG E\ QRW LQWURGXFLQJ ]HURV LQWR WKH V\VWHP
ZKLFK 3, FRQWURO GRHV DOORZLQJ IRU D IDVWHU WUDQ
VLHQW UHVSRQVH ZLWK OHVV RYHUVKRRW
7KH 3') FRQWURO LV JLYHQ E\
ݒH?J? ݎH?J? ఘ೔J?H?H?H?ܭGH?ݕሺH?H?H?ሻH?  ݅ J? ͳǡ ǥ ǡ݉ 
ZKHUH ሶݎH?J? ܭLǡH?݁H?DQG ࢑H?J? ሺܭ,ǡH?ǡ ܭGH?ǡ ǥ ǡ ܭGఘ೔ሻ DUHWKH FRQWUROOHU JDLQV
,Q RUGHU WR GHPRQVWUDWH WKH SHUIRUPDQFH RI WKLV
FRQWURO DQG WKH VHOHFWLRQ RI WKH FRQWUROOHU JDLQV࢑H? VXEVWLWXWLQJ  LQWR D VLQJOH RXWSXW RI DDQG WDNLQJ WKH /DSODFH WUDQVIRUP UHVXOWV LQ WKH
IROORZLQJ WUDQVIHU IXQFWLRQ EHWZHHQ WKH GHPDQG
WUDMHFWRU\ DQG WKH RXWSXWܩH?ሺݏሻ J? ܻH?ሺݏሻܻGǡH?ሺݏሻ J? ܭ,ǡH?ݏఘ೔H?H?J?σఘH?H?H?ܭGH?ݏH?J? ܭ,ǡH? 
1RWH WKDW WKH LQWURGXFWLRQ RI WKH LQWHJUDO DFWLRQ KDV
LQFUHDVHG WKH RUGHU RI WKH V\VWHP E\ RQH 1RZ
WKH FRQWUROOHU JDLQV ࢑H?DUH VHOHFWHG VR WKDW WKHGHQRPLQDWRU RI  IRUPV D +XUZLW] SRO\QRPLDO
ZKLFK HQVXUHV DOO WKH SROHV DUH LQ WKH OHIWKDOI
SODQH ± UHVXOWLQJ LQ D VWDEOH V\VWHP 6\VWHP
SHUIRUPDQFH FDQ WKHQ EH WXQHG YLD DQ\ SROH
SODFHPHQW WHFKQLTXH WR JHW WKH UHTXLUHG WUDFNLQJ
SHUIRUPDQFH
7KLV FRPELQDWLRQ RI D LQYHUVLRQ EDVHG FRQWURO ODZ
DQG 3') FRQWURO ZDV RULJLQDOO\ GHYHORSHG LQ WKH
DHURVSDFH DQG URERWLFV LQGXVWU\ >@ DQG PRUH UH
FHQWO\ DSSOLHG WR WKH FRQWUROODELOLW\ RI EXLOGLQJV >@
+RZHYHU WKH WKHRU\ ZDV RQO\ GHYHORSHG IRU DS
SOLFDWLRQ WR WKH FRQWURO RI µIDVW¶ V\VWHP PRGHV LH
ZDV RQO\ RULJLQDOO\ DSSOLFDEOH WR 0,02 V\VWHPV
ZKHUH WKH RXWSXWV ZHUH RI UHODWLYH RUGHU RI RQH
RU OHVV 7KHUHIRUH WKH WKHRU\ SUHVHQWHG LQ WKLV
VHFWLRQ LV D JHQHUDOLVDWLRQ RI WKLV ZRUN QRW RQO\
WR WKH QRQOLQHDU LQYHUVLRQ EXW DOVR H[WHQGLQJ WKH
3') FRQWURO WR KLJKHURUGHU V\VWHPV
6\VWHPDFWXDWRU OLPLWV
7KH SHUIRUPDQFH RI DOO UHDO V\VWHPV LV OLPLWHG E\
WKH FDSDELOLWLHV RI WKH DFWXDWRUV WKDW DUH UHVSRQ
VLEOH IRU WKH WUDQVIHU RI HQHUJ\ IURP WKH FRQWURO
V\VWHP WR WKH SURFHVV EHLQJ FRQWUROOHG 7KH DF
WXDWLQJ FRQWURO YDOXH WKDW VXSSOLHV IXHO WR WKH &+3
HQJLQH KDV D PD[LPXP DQG PLQLPXP IXHO VXSSO\
DV ZHOO DV UHVWULFWHG UDWH DW ZKLFK WKH IXHO FDQ
EH GHOLYHUHG (OHFWULFDO HQHUJ\ VWRUDJH DOVR KDV
ORZOHYHO HOHFWURQLFV WKDW UHVWULFWV WKH PD[LPXP
SHUPLVVLEOH FXUUHQW WKDW FDQ EH WUDQVIHUUHG WR WKH
GHYLFH WR DYRLG RYHUKHDWLQJ DQG WR SURWHFW WKHLU LQ
QHU FLUFXLWU\ 'HSHQGLQJ RQ WKH W\SH RI WKHUPDO HQ
HUJ\ VWRUH WKHVH FDQ KDYH PHFKDQLFDOK\GUDXOLF
DFWXDWRUV WKDW KDYH SK\VLFDO OLPLWV RQ WKH PDJQL
WXGH RU IORZ UDWH RI ZDWHU HQWHULQJH[LWLQJ IURP WKH
WDQN 0DQ\ RI WKHVH GLVFRQWLQXRXV OLPLWV DUH GH
VLJQHG WR HQVXUH VDIH SHUIRUPDQFH RI WKH HQHUJ\
V\VWHP DQG VR WKH µKLJKOHYHO¶ FRQWUROOHU VKRXOG
EH UHVSHFWIXO RI WKHVH V\VWHP OLPLWDWLRQV WR HQVXUH
RSWLPDO DQG VDIH FRQWURO
7KHUH DUH PDQ\ FDVHV ZKHQ D V\VWHP PD\ UHDFK
WKH OLPLWV RI WKH DFWXDWRU WKLV FDQ EH ZKHQ WKHUH
LV D ODUJH FKDQJH LQ VHWSRLQW VXFK WKDW WKH V\V
WHP PXVW GULYH DV KDUG DV SRVVLEOH WR UHDFK LWV
WDUJHW 7KHUH LV DOVR WKH FDVH ZKHUH D ODUJH GLVWXU
EDQFH PD\ FDXVH WKH DFWXDWRU WR VDWXUDWH $ ZHOO
GHVLJQHG FRQWUROOHU VKRXOG EH FDSDEOH RI KDQGOLQJ
H[FHSWLRQDO GLVWXUEDQFHV LH GLVWXUEDQFHV RI
LQWHQVLW\ KLJKHU WKDQ WKH SUHGLFWHG ERXQGV ZKLFK
DUH XVHG ZKHQ WXQLQJ WKH FRQWURO SDUDPHWHUV ,I
LQWHJUDO FRQWURO LV XVHG LQ VXFK FDVHV WKH LQWHJUDO
WHUP LQ WKH FRQWURO DFWLRQ PD\ EHFRPH XQUHDVRQ
DEO\ ODUJH VR WKDW RQFH WKH GLVWXUEDQFH VWRSV WKH
V\VWHP JRHV WKURXJK ODUJH DPSOLWXGH RVFLOODWLRQV
LQ RUGHU WR UHWXUQ WR WKH GHVLUHG WUDMHFWRU\
)RUWXQDWHO\ LW LV SRVVLEOH WR FRPSHQVDWH IRU WKHVH
FRQWURO OLPLWDWLRQV
,I WKH V\VWHP LV ZHOO GHVLJQHG WKH ILQDO FRQWURO
HOHPHQWV ZLOO EH FDSDEOH RI VXSSO\LQJ WKH HQHUJ\
UHTXLUHG E\ WKH FRQWUROOHG V\VWHP WR LQVXUH WKDW
WKH FRQWUROOHG YDULDEOH IROORZV WKH UHIHUHQFH VHW
SRLQW ZLWKLQ WKH SHUIRUPDQFH VSHFLILFDWLRQV RYHU
WKH VSHFLILHG OLQHDU UDQJH RI RSHUDWLRQ 8QGHU
VXFK FLUFXPVWDQFHV WKH RQO\ ZD\ D UHDVRQDEO\
ZHOO WXQHG V\VWHP FDQ JHW LQWR WURXEOH LV IRU LW WR
EH GULYHQ LQWR WKH VDWXUDWLRQ UHJLRQ
$ FRPPRQ DQG SRWHQWLDOO\ REYLRXV ZD\ WR DYRLG
LQWHJUDWRU ZLQGXS LV WR DYRLG VDWXUDWLQJ WKH DFWX
DWRU LQ WKH ILUVW SODFH 7KLV FDQ EH DFKLHYHG E\
DSSURSULDWHO\ VL]LQJ WKH HQHUJ\ VXSSO\ V\VWHPV
DQG WKHLU DFWXDWRUV VR WKDW LW LV DOZD\V DEOH WR
VXSSO\ DQ\ SRWHQWLDO GHPDQG IRU HQHUJ\ +RZ
HYHU WKLV ZLOO RIWHQ QRW EH SUDFWLFDO RU HIILFLHQW
VLQFH PD[LPXPSHDN GHPDQG PD\ RQO\ RFFXU IRU
D OLPLWHG WLPH GXULQJ WKH OLIHWLPH RI WKH V\VWHP
LI WKH\ ZHUH WR EH VL]HG WKLV ZD\ $OVR PRVW
HQHUJ\ VXSSO\ V\VWHPV DUH DW WKHLU PRVW HIILFLHQW
ZKHQ UXQQLQJ DW IXOO ORDG VR RSHUDWLQJ DW EXW QRW
EH\RQG WKH DFWXDWRU OLPLWV FDQ DFWXDOO\ EH WKH
PRVW HQHUJ\ HIILFLHQW FRQWURO RSWLRQ
$QRWKHU RSWLRQ LV WR µGHWXQH¶ WKH FRQWURO V\VWHP
VR WKDW LWV UHVSRQVH WR ODUJH HUURUV LV VORZHU
ZKLFK ZLOO LQ WXUQ VPRRWK WKH FKDQJHV LQ WKH FRQ
WURO VLJQDO VXFK WKDW LW DYRLGV HQWHULQJ WKH VDWXUD
WLRQ UHJLRQ 2EYLRXVO\ WKLV ZLOO OHDG WR D GRZQWXUQ
LQ FRQWUROOHU SHUIRUPDQFH WKDW ZLOO DOPRVW DOZD\V
EH XQDFFHSWDEOH RU IDOO IDU IURP WKH SHUIRUPDQFH
VSHFLILFDWLRQV $JDLQ WKLV LV HVSHFLDOO\ WUXH IRU
WKH FRQWURO RI HQHUJ\ VXSSO\ V\VWHPV VLQFH WKH\
PXVW UHDFW TXLFNO\ WR WKH HOHFWULFDO DQG WKHUPDO
GHPDQGV RI WKH EXLOGLQJ
7KH ILQDO DQG PRVW DIIHFWLYH ZD\ WR FRSH ZLWK
LQWHJUDWRU ZLQGXS LV WR GHVLJQ D YDULDEOH VWUXFWXUH
FRQWUROOHU VR WKDW ZKHQ WKH FRQWUROOHU RXWSXW KDV
UHDFKHG HLWKHU OLPLW DQ\ IXWXUH FRQWURO DFWLRQ PXVW
HLWKHU NHHS ݑH?FRQVWDQW RU UHGXFH LW VR WKDW LW ZLOOFRQWLQXH LWV QRUPDO OLQHDU PRGH RI RSHUDWLRQ >@
0DWKHPDWLFDOO\ WKLV FDQ EH H[SUHVVHG DVݑ ሶݑ J? Ͳ ZKHQ ݑ J? ݒPD[ ש ݑ J? ݒPLQ  
,I  FDQ EH HQVXUHG WKHQ WKH FRQWUROOHU RXWSXWݑ ZLOO DOZD\V WHQG WR GHFUHDVH DZD\ IURP WKH
VDWXUDWLRQ OLPLW
7R LPSOHPHQW WKLV QHZ VZLWFKLQJ VXUIDFH ZLWK D
3') FRQWUROOHU ILUVW GHILQH WKH IROORZLQJ QRQOLQ
HDU SLHFHZLVH µGHDG ]RQH¶ IXQFWLRQ ZKHUH IRU DQ
JLYHQ LQSXW ݑ WKH RXWSXW ǁݑ LV JLYHQ E\
ǁݑ J? J?Ͳ LI ݒPLQ J? ݑ J? ݒPD[ݑ J? ݒPD[ LI ݑ J? ݒPD[ݑ J? ݒPLQ LI ݑ J? ݒPLQ 
7KHQ IURP  ZKHQ ǁݑ J? Ͳ WKHQ WKH V\VWHP KDV
EHHQ RYHUGULYHQ DV WKH FRQWUROOHU RXWSXW ݑ LV RXW
ZLWK WKH SK\VLFDO OLPLWV ሺݒPLQǡ ݒPD[ሻ 7KLV FDQ EHUHSUHVHQWHG DV WKH ORJLFDO IXQFWLRQ
Bbaim`i2/ C? ǁݑ J? Ͳ 
7KH RWKHU DVSHFW RI WKH LQWHJUDWRU FODPSLQJ ORJLF
LV GHWHUPLQHG E\ WKH GLUHFWLRQ RI WKH V\VWHP ±
LI WKH HUURU VLJQDO ZRXOG FDXVH WKH V\VWHP WR
PRYH IXUWKHU LQWR WKH VDWXUDWLRQ UHJLRQ WKHQ WKH
LQWHJUDWRU VKRXOG EH FODPSHG 7KLV LV GHWHUPLQHG
HDVLO\ E\ UHDOLVLQJ WKDW ZKHQ WKH VLJQ RI WKH HUURUሺ݁ሻ LV WKH VDPH DV WKDW RI ǁݑ WKHQ WKH V\VWHP
ZLOO EH SXVKHG IXUWKHU LQWR WKH VDWXUDWLRQ UHJLRQ
7KLV LV HDVLO\ UHSUHVHQWHG E\ WKH IROORZLQJ ORJLFDO
IXQFWLRQ
BbAM+`2bBM; C? ݁ C? ǁݑ J? Ͳ 
7KHQ WKH QHZ LQWHJUDWRU FODPSLQJ ORJLF FDQ EH
LPSOHPHQWHG DVሶݎ J? ቊͲ LI Bbaim`i2/רBbAM+`2bBM;ܭL݁ RWKHUZLVH 
7KH V\QWKHVLV RI WKH QRQOLQHDU YDULDEOH VWUXFWXUH
LQYHUVLRQ FRQWURO ODZ WKH RXWHUORRS 3') FRQWURO
DQG ILQDO FRQWURO HOHPHQWV LV JLYHQ LQ WKH EORFN
GLDJUDP VFKHPDWLF RI ILJ 
6SHFLDO WKHRU\ /LQHDU V\VWHPV
$OWKRXJK DOO UHDO V\VWHPV DUH QRQOLQHDU WKHUH DUH
V\VWHPV ZKLFK HLWKHU SUHGRPLQDWHO\ SHUIRUP DV
OLQHDU V\VWHPV ZKHUH WKH G\QDPLFV DUH JLYHQ DV
D VHW RI ILUVWRUGHU RUGLQDU\ GLIIHUHQWLDO HTXDWLRQV
2'(V RU WKH V\VWHP RSHUDWHV DURXQG D ORFDO
HTXLOLEULXP SRLQW 7KLV LV DOVR DSSOLFDEOH WR D VXE
VHW RI EXLOGLQJ FRQWURO SUREOHPV VXFK DV ZHOO LQVX
ODWHG EXLOGLQJV DQG HQHUJ\ V\VWHPV ZKLFK KDYH
D OLPLWHG UDQJH RI RSHUDWLRQ )RU WKHVH FDVHV
VPDOO VLJQDO DQDO\VLV DSSOLHV DQG WKH EHKDYLRXU RI
WKH V\VWHP FDQ EH ZHOO DSSUR[LPDWHG DV D OLQHDU
V\VWHP ,Q DQ\ FDVH WKH QRQOLQHDU V\VWHP 
FDQ EH OLQHDULVHG YLD WKH -DFRELDQ OLQHDULVDWLRQ
DSSURDFK 'HILQH࡭ C? ቈ߲ ࢌ߲࢞ ቉ሺ࢞H ǡ࢛Hሻ ࡮ C? ቈ߲ࢌ߲࢛ ቉ሺ࢞H ǡ࢛Hሻ࡯ C? ቈ߲ ࢎ߲࢞ ቉ሺ࢞H ǡ࢛Hሻ ࡰ C? ቈ߲ࢎ߲࢛ ቉ሺ࢞H ǡ࢛Hሻ
7KHQ WKH V\VWHP EHFRPHVሶ࢞ J? ࡭࢞ J? ࡮࢛࢟ J? ࡯࢞ J? ࡰ࢛ 
$SSO\LQJ WKH PHWKRG  WR WKH OLQHDU V\VWHP 
LV VWUDLJKWIRUZDUG DQG UHVXOWV LQ ࣦH?ࢌ݄H?J? ࢉH?࡭H?࢞
DQG ࣦࢍೖࣦH?ࢌ݄H?J? ࢉ࢏࡭H?࡮ 7KHQ WKH VXEV\VWHP RIUHODWLYH RUGHU ߩH?WKDW GLUHFWO\ UHODWHV DQ LQSXW WRWKH RXWSXW ݕH?LV JLYHQ E\ݕሺఘ೔ሻH? J? ࢉH?࡭ఘ೔࢞ J? ࢉ࢏࡭ఘ೔H?H?࡮࢛  
8WLOLVLQJ WKH VDPH IHHGEDFN FRQWURO DV  UHVXOWV
LQ WKH GHFRXSOLQJ FRQWURO ODZ IRU OLQHDU V\VWHPV




C?C?C?C?࢞ ࡽ J? C?C?C?C?
ࢉ૚࡭ఘభH?H?࡮ࢉ૛࡭ఘమH?H?࡮C?ࢉ࢓࡭ఘ೘H?H?࡮
C?C?C?C? 
1RWH WKDW IRU OLQHDU V\VWHPV WKH GHFRXSOLQJ PD
WUL[ ࡽ LV VWDWLF DQG LV QRW D IXQFWLRQ RI WKH VWDWH
7KHUHIRUH SURYLGHG UHDVRQDEOH HVWLPDWHV RI WKH
V\VWHP SDUDPHWHUV WKH V\VWHP FDQ EH GHFRXSOHG
ZLWKRXW VWDWH PHDVXUHPHQW RU HVWLPDWLRQ
H?౜ H? H?H?ǤH?H?మ
H?ǤH?H?
H?ౝ H? H?H?మ1 (
6:
)LJXUH  :LUH IUDPH GUDZLQJ RI RIILFH ]RQH
,QYHUVH G\QDPLFV
,W LV SRVVLEOH E\ XWLOLVLQJ  DQG DVVXPLQJ WKDW
DOO GLVWXUEDQFH LQSXWV DUH NQRZQ WR ILQG RXW ZKDW
LQLWLDO FRQGLWLRQV DQG FRQWURO LQSXW ࢛ VKRXOG EH
LQ RUGHU IRU WKH V\VWHP RXWSXW WR WUDFN D UHIHU
HQFH RXWSXW SHUIHFWO\ 7KLV FDQ EH XVHIXO IRU
VHYHUDO SXUSRVHV QDPHO\ LGHDO FRQWURO LQ EXLOGLQJ
VLPXODWLRQ :LWK WKH FRQWUROOHU LPSOHPHQWHG LQ
D EXLOGLQJ VLPXODWLRQ LW LV SRVVLEOH WR GHWHUPLQH
WKH IHDVLELOLW\ RI D SURSRVHG FRPELQDWLRQ RI HQ
HUJ\ V\VWHPV DQG WKHQ WKH UHODWHG VL]LQJ RI WKH
DIRUHPHQWLRQHG V\VWHPV 7KHQ WKH UHDOZRUOG
FRQWURO VWUDWHJ\ LPSOHPHQWHG ZRXOG LQFRUSRUDWH
WKH UREXVW RXWHUORRS FRQWURO VWUDWHJ\ LQ RUGHU WR
DFFRXQW IRU XQPHDVXUHG GLVWXUEDQFHV SDUDPHWHU
XQFHUWDLQW\ DQG XQPRGHOOHG G\QDPLFV
7KLV FRXOG EH LQFRUSRUDWHG LQWR WKH EXLOGLQJ GHVLJQ
VWDJH ZKHUHE\ WKH DSSURSULDWH PL[ DQG VL]H RI
HQHUJ\ V\VWHPV IRU D SURSRVHG EXLOGLQJ FDQ EH
GHWHUPLQHG LQ EXLOGLQJ VLPXODWLRQ YLD LQYHUVH G\
QDPLFV DQG WKHQ WKH UHDOZRUOG FRQWUROOHU LPSOH
PHQWHG EDVHG XSRQ WKHVH PRGHOV DQG WKH UREXVW
FRQWURO VWUDWHJ\ SUHVHQWHG KHUHLQ
:KDW IROORZV LV D FDVH VWXG\ DSSOLHG WR D VPDOO
RIILFH ]RQH WKDW KDV D FRPSOH[ K\EULG HQHUJ\
VXSSO\ V\VWHP
&$6( 678'<
7KH ]RQH PRGHOOHG LV D VPDOO RIILFH ORFDWHG LQ
7UDSSHV )UDQFH IRU ZKLFK WKH FOLPDWLF GDWD H[
WHUQDO DLU WHPSHUDWXUH DQG VRODU UDGLDWLRQ LV DYDLO
DEOH )LJXUH  VKRZV WKH ZLUHIUDPH GUDZLQJ
RI D VLQJOH RIILFH ]RQH ZLWK PDMRU GLPHQVLRQV
LQGLFDWHG 7KH RYHUDOO RIILFH FRQWUROOHG FRQVLVWV
RI IRXU RI WKHVH ]RQHV LQ SDUDOOHO MRLQHG DORQJ
WKHLU OHQJWK VR WKDW DOO ZLQGRZV DUH IDFLQJ ZHVW
7KH WKHUPDO GHPDQGV RI WKH ]RQH DUH VHUYHG E\
D K\GURQLF UDGLDWRU V\VWHP VXSSOLHG E\ D 6WLUOLQJ
HQJLQH EDVHG &+3 V\VWHP 7KH HOHFWULFDO GH
PDQGV DUH IXOILOOHG E\ WKH HOHFWULFDO JHQHUDWLRQ RI
WKH &+3 39 DQG HOHFWULFDO HQHUJ\ VWRUDJH 7KH
FKRVHQ FRQWURO REMHFWLYH LV WR PDNH WKH PHDVXUHG
DLU WHPSHUDWXUH WUDFN D GHVLUHG WUDMHFWRU\ ZKLOH
PLQLPLVLQJ WKH HOHFWULFDO JULG XWLOLVDWLRQ 7KH GLI
࢞
࢜࢘ࢋ ࢟
















)LJXUH  6FKHPDWLF RI FRQWURO WKHRU\
ILFXOW\ LV WKDW WKH DLU WHPSHUDWXUH LV RQO\ LQGLUHFWO\
UHODWHG WR WKH LQSXW IXHO IORZ UDWH ± ZKLFK PXVW ILUVW
LQIOXHQFH WKH HQJLQH FRROLQJ ZDWHU DQG UDGLDWRU
WHPSHUDWXUHV EHIRUH FKDQJHV WR WKH LQWHUQDO DLU
WHPSHUDWXUH ZLOO EH VHHQ 7KH QXPEHU RI µHOH
PHQWV¶ RU VWDWHV GRZQVWUHDP RI WKH FRQWURO LQSXW
DUH UHODWHG WR WKH UHODWLYH RUGHUGHJUHH RI WKDW
RXWSXW GLVFXVVHG HDUOLHU
7KHUHIRUH LW LV QRW HDV\ WR VHH KRZ WKH LQSXW
FDQ EH GHVLJQHG WR FRQWURO WKH WUDFNLQJ EHKDYLRXU
RI WKH RXWSXW 7KLV FRQILJXUDWLRQ RI V\VWHPV LV
ZHOO VXLWHG WR WKH DSSOLFDWLRQ RI WKH FRQWURO WKHRU\
SUHVHQWHG LQ WKH SUHYLRXV VHFWLRQ
6\VWHP VSHFLILFDWLRQV
7KH &+3 VSHFLILFDWLRQV DUH EDVHG XSRQ D :KLV
SHU*(1 &+3 HQJLQH ZLWK HPSLULFDO GDWD WDNHQ
IURP >@ 7KH HQJLQH KDV DQ H[WHUQDO SXPS
DQG D SHUPLVVLEOH ZDWHU IORZ UDWH RI ͵ H?H?WRͺ H?H? ,W LV DVVXPHG WKDW WKH ORZHU KHDWLQJ
YDOXH RI WKH IXHO VXSSO\ WR WKH HQJLQH LV ܮܸܪ IXHO J?͵ͷǤͳ͸ H?H? 7KLV SDUWLFXODU HQJLQH KDV D VPDOO
HOHFWULFDO FDSDFLW\ RI ͹ͷͲ QRPLQDO ± HTXLYDOHQW
WR ͷ͹ͷ RQFH WKH SDUDVLWLF HOHFWULFDO FRQVXPSWLRQ
RI WKH &+3 LV VXEWUDFWHG ± DQG ODUJH WKHUPDO
RXWSXW ͸Ǥͷ  QRPLQDO 7KH W\SLFDO DSSOLFDWLRQ LV
UHVLGHQWLDO PLFUR &+3 EXW LV VKRZQ KHUH WR EH DS
SOLFDEOH WR DQ DUUD\ RI VPDOO RIILFH ]RQHV :KHUH LW
PD\ EH SRVVLEOH LQ WKH IXWXUH WR XVH PXOWLSOH PLFUR
&+3 XQLWV WKURXJKRXW D ODUJHU EXLOGLQJ WR VHUYH
VSHFLILF OHYHOV RU ]RQHV ZLWKLQ WKH ODUJHU ZKROH
7KHVH HQJLQHV DUH W\SLFDOO\ FRQWUROOHG E\ KHDW
GHPDQG KHDWOHG UDWKHU WKDQ HOHFWULFDO GHPDQG
7KH FRQWURO GHYHORSHG KHUH LV µOHGDJQRVWLF¶ DV
WKH &+3 LV RSHUDWHG EDVHG XSRQ WKH SUHYDLOLQJ GH
PDQGV RI ERWK WKH WKHUPDO DQG HOHFWULFDO QHWZRUNV
GXH WR WKH GHFRXSOLQJ FRQWURO ODZ
7KH XQLW DOVR KDV VHYHUDO ORZOHYHO FRQWUROV 7KH
XQLW ZLOO VKXWGRZQ LI WKH FRROLQJ ZDWHU WHPSHUDWXUH
DW WKH RXWOHW RI WKH V\VWHP H[FHHGV ͺͷ ל 7KH
FRROGRZQ SHULRG RI WKH XQLW ZDV ʹͷ EXW LV DV
VXPHG WKDW WKH FRROGRZQ SHULRG LV RSWLRQDO WKDW
LV LI WKH XQLW UHFHLYHV GHPDQG ZKLOH LQ FRROGRZQ
PRGH LW ZLOO VZLWFK WR ZDUPXS EHIRUH FRPSOHWLQJ
WKH HQWLUH FRROGRZQ SHULRG
)RU WKH SXUSRVH RI FRQWURO GHPRQVWUDWLRQ LW LV
DVVXPHG WKDW WKH XQLW FDQ DOVR PRGXODWH GRZQ WR
DV ORZ DV ͵  ZKLOH VWLOO JHQHUDWLQJ HOHFWULFLW\
)XUWKHUPRUH D IL[HG HIILFLHQF\ DQG KHDWWRSRZHU
UDWLR LV DOVR DVVXPHG
7KH UHVXOWV JLYHQ KHUH DUH FDOFXODWHG XVLQJ WZR
UHIHUHQFH LQSXWV 7KH ILUVW LV WKH RSHUDWLYH WHP
SHUDWXUH LQ WKLV FDVH WKH DLU WHPSHUDWXUH RI WKH
]RQH 7KLV KHDWLQJ VHWSRLQW LV ʹͲ ל EHWZHHQ
 DQG  RQ ZHHNGD\V ZLWK D QLJKW WLPH
DQG ZHHNHQG VHWEDFN WHPSHUDWXUH RI ͳʹ ל 7KH
FRROLQJ KDV EHHQ GLVDEOHG IRU WKHVH VLPXODWLRQV LQ
RUGHU WR GUDZ FORVHU FRPSDULVRQV EHWZHHQ GLIIHU
HQW FRQILJXUDWLRQV WKDW PD\ QRW OHQG WKHPVHOYHV
WR LQFRUSRUDWLQJ FRROLQJ DV VXFK D FRROLQJ GH
YLFH KDV QRW EHHQ LQFOXGHG LQ WKLV VHW RI UHVXOWV
7KH VHFRQG LV WKH HOHFWULFDO JULG SRZHU VHWSRLQW
ZKLFK LV VHW WR ]HUR 7KLV PHDQV WKDW WKH FRQWUROOHU
ZLOO VWULYH WR QHLWKHU LPSRUW RU H[SRUW IURP RU WR WKH
QDWLRQDO JULG WKHUHE\ PLQLPLVLQJ WKH XVH RI WKH
JULG
7KH LQWHUQDO JDLQV DUH GHILQHG SHU IORRU DUHD DWʹͲH?H?DQG DUH GHILQHG DV ͷͲΨ FRQYHFWLYH WR
WKH LQWHUQDO DLU RI WKH ]RQH DQG ͷͲΨ UDGLDWLYH WR
WKH ZDOOV DQG IORRU 7KH HOHFWULFDO ORDGV DUH FRP
SULVHG RI WKH LQWHUQDO JDLQV DW ʹͲH?H? ZKLFK
HTXDWHV WR D VWDQGLQJ ORDG RI ͵ͻ͸ IRU HDFK FHOO
EHWZHHQ  DQG  GXULQJ ZHHNGD\V
7KH HQHUJ\ SURGXFWLRQ IURP SKRWRYROWDLFV LV FDO
FXODWHG XVLQJ 39:DWWV >@ 7KH 39 V\VWHP FKDU
DFWHULVWLFV FRQVLVW RI D ͸ͷͲ VRODU DUUD\ VRXWK
IDFLQJ ZLWK D IL[HG WLOW RI ͶͺǤ͹͵ι ZKLFK LV HTXDO WR
WKH ODWLWXGH RI WKH FOLPDWH GDWD
(OHFWULFDO JULG PHDVXUHPHQW
7KH WKHRUHWLFDO HOHFWULFDO JULG XVH LV EDVHG XSRQ
DQ HQHUJ\ EDODQFH ZLWK DOO GHPDQG DQG VXSSO\
HOHPHQWV JLYHQ E\ݕH?J? JܲULG J? OܲRDG J? EܲDW J? SܲY J? FܲKS 
,W FDQ EH VHHQ IURP  WKDW WKH DYDLODELOLW\ RI
39 LV FRQVLGHUHG D GLVWXUEDQFH ,Q WKLV ZD\
SULRULW\ LV JLYHQ WR XWLOLVLQJ DV PXFK RI WKH 39
JHQHUDWHG HOHFWULFLW\ DV SRVVLEOH ZKLOH WKH &+3
FDQ FRPSHQVDWH IRU WKH UHPDLQLQJ GHPDQG
+RZHYHU QRWH WKDW LQ  WKH FRQWURO LV LPPHGL
DWHO\ DIIHFWLQJ WKH RXWSXW RI WKH V\VWHP LH WKH
HOHFWULFDO JULG RXWSXW KDV D UHODWLYH GHJUHH RI ]HUR
WKDW LV WKH PDQLSXODWHG IXHO IORZ UDWH DQG EDWWHU\
GLVFKDUJH LQVWUXFWLRQ KDV DQ LPPHGLDWH DQG GL
UHFW HIIHFW RQ WKH LQWHUDFWLRQ ZLWK WKH HOHFWULFDO
JULG
$OWKRXJK WKH WKHRU\ FDQ EH DPHQGHG WR DFFRXQW
IRU VXFK V\VWHPV E\ PDNLQJ WKH FRQWURO LQSXW EH
LWV UDWHRIFKDQJH LH ሶݑH?ZRXOG EHFRPH WKH QHZFRQWURO LQSXW +RZHYHU D PRUH UREXVW DSSURDFK
LV WR XVH WKH RXWSXWUHGHILQLWLRQ PHWKRG ZKRVH
SULQFLSOH LV WR UHGHILQH WKH RXWSXW IXQFWLRQ VR WKDW
WKH RULJLQDO FRQWURO WKHRU\ FDQ EH XWLOLVHG 3UR
YLGHG WKDW WKH QHZ RXWSXW IXQFWLRQ LV GHILQHG LQ
VXFK D ZD\ WKDW LW LV HVVHQWLDOO\ WKH VDPH DV WKH
RULJLQDO RXWSXW IXQFWLRQ LQ WKH IUHTXHQF\ UDQJH RI
LQWHUHVW H[DFW WUDFNLQJ RI WKH QHZ RXWSXW IXQFWLRQ
WKHQ DOVR LPSOLHV JRRG WUDFNLQJ RI WKH RULJLQDO
RXWSXW ݕH? LH WKH HOHFWULFDO JULG UHJXODWLRQ ZLOO VWLOOEH DFKLHYHG VLQFH WKH RXWHUORRS FRPSHQVDWRU ZLOO
GULYH WKH DFWXDO RXWSXW WR ]HUR 7KLV PHWKRG LV
SUHIHUDEOH WR WKH ILUVW VLQFH WKH ILUVW PHWKRG FDQ
LQWURGXFH ODUJH FKDWWHULQJ LQ WKH FRQWURO LQSXW LI
WKHUH LV DQ\ PHDVXUHPHQW QRLVH LQ WKH HOHFWULFDO
JULG RXWSXW
7KH RXWSXWUHGHILQLWLRQ PHWKRG LV DFKLHYHG E\ LQ
WURGXFLQJ DQ DGGLWLRQDO VWDWH IRU WKH HOHFWULFDO JULG
SRZHU JLYHQ E\ሶݔJULG J? ͳȀ J߬ULGሺ JܲULG J? ݔJULGሻ 
7KLV LQFUHDVHV WKH UHODWLYH RUGHU RI WKH HOHFWULFDO
JULG RXWSXW E\ RQH VR WKDW  FDQ EH LPSOHPHQWHG
GLUHFWO\ 7KH WLPH FRQVWDQW ߬JULG GLFWDWHV KRZTXLFNO\ WKH FRQWURO PRGHO ZLOO HVWLPDWH WKH DFWXDO
JULG XVH
3ODQW PRGHOV
7KHUH DUH D QXPEHU RI 6WLUOLQJHQJLQH EDVHG G\
QDPLF&+3 PRGHOV LQ WKH OLWHUDWXUH >±@ EXW
WKH $QQH[  PRGHO >@ ZDV VHOHFWHG IRU WKLV
ZRUN DV LW ZDV WKH VLPSOHVW PRGHO WKDW ZDV VWLOO
LQGHSHQGHQWO\ HPSLULFDOO\ YDOLGDWHG >@ 7KH
HQJLQH PRGHO FRQVLVWV RI WKUHH FRQWURO YROXPHV
VXEV\VWHPV  (QHUJ\ FRQYHUVLRQ  HQJLQH
 FRROLQJ ZDWHU 7KHVH VXEV\VWHPV DUH GH
VFULEHG EULHIO\ KHUH WR IDFLOLWDWH XQGHUVWDQGLQJ DQG
KRZ WKH FRQWURO RSHUDWHV 2ULJLQDO YDOLGDWLRQ KDV
RI WKH PRGHO ZDV FDUULHG RXW LQ >@
(QHUJ\ FRQYHUVLRQ FRQWURO YROXPH
FܲKS J? ߟHߔJURVV ߔJHQ J? ߟTߔJURVV ߔJURVV J? ሶ݉ IXHOܮܸܪ IXHO 
(QJLQH FRQWURO YROXPHܥHQJ ሶ߆HQJ J? ߔJHQ J? ߔ+; J? ߔVNLQORVV 
&RROLQJ ZDWHU FRQWURO YROXPHܥFZ ሶ߆FZ J? ሾ ሶ݉ Hܿ?ሿFZሺ߆UDG J? ߆FZሻ J? ߔ+; 
ZKHUH ߔ+; J? ܪ+;ሺ߆HQJ J? ߆FZሻ
5DGLDWRU QRGH PRGHOܥUDG ሶ߆UDG J? ሾ ሶ݉ Hܿ?ሿFZሺ߆FZ J? ߆UDGሻ ܥUDG ሶ߆UDG J? ሾ ሶ݉ Hܿ?ሿFZሺ߆UDG J? ߆UDGሻ J? ߔUDG 
ZKHUH




DQG ߆H J? H?DH?H?VH? 
%XLOGLQJ PRGHO
7KH EXLOGLQJ PRGHO XWLOLVHG LQ WKH ZRUN LV D VLP
SOLILHG G\QDPLF EXLOGLQJ PRGHO ZLWK HQHUJ\ SHU
IRUPDQFH UHVXOWV YDOLGDWHG >@ ZLWK (XURSHDQ
6WDQGDUG (1  >@ (DFK HQFORVXUH FRP
SRQHQW HJ ZDOO IORRU FHLOLQJ DUH DVVLJQHG
WZR WKHUPRG\QDPLF WHPSHUDWXUH QRGHV DFFRUGLQJ
WR WKH WKHRU\ RI >@ ZKLFK FDQ DFFRXQW IRU WKH
IOXFWXDWLRQV VHHQ RQ HLWKHU VLGH RI D FRQVWUXFWLRQ
LQ W\SLFDO UHVLGHQWLDO DQG RIILFH ]RQHV
$LU WHPSHUDWXUH QRGH
ܥD ሶ߆D J? H?J?H?H?H?݄FLܣH?ሺ߆VǡH?J? ߆Dሻ J? ܪORVVሺ߆H J? ߆DሻJ? ߔUDG J? ߔORDG J? ߔVRO

6WUXFWXUDO QRGHܥVǡH?J? F݄Lሺ߆D J? ߆VǡH?J? ሺͳȀ FܴSǡH?ሻሺ߆VL J? ߆V݆ሻ 
7KH RYHUDOO V\VWHP WR EH FRQWUROOHG FDQ EH H[
SUHVVHG LQ D JHQHUDO VWDWHVSDFH IRUP E\ FRPELQ
LQJ WKH ]RQH HTXDWLRQV DQG SODQW PRGHOV DQG VH
OHFWLQJ WKH VWDWH YHFWRU ࢞ DV ࢞ J? ሺ߆Dǡ ߆Vǡ ǥ ǡ ߆VǡH?ሻ
DQG WKH FRQWURO LQSXWV ࢛ J? ሺ ሶ݉ IXHOǡ EܲDWሻ WKH PHDVXUHG H[RJHQRXV VLJQDOV DV ࢝ J? ሺ OܲRDGǡ SܲYሻ GLVWXUEDQFHV DV ࢊ J? ሺ߆Hǡ ߔVROሻ DQG V\VWHP RXWSXWV࢟ J? ሺ߆Dǡ JܲULGሻ
7KH LQYHUVLRQ FRQWUROODZ GRHV QRW DVVXPH NQRZO
HGJH RI DQ\ RI WKH GLVWXUEDQFH VLJQDOV WR WKH
PRGHO WKHVH DUH FRPSHQVDWHG IRU E\ WKH RXWHU
ORRS FRQWURO ,QFUHDVHG FRQWURO SHUIRUPDQFH
FRXOG EH DWWDLQHG E\ LQFRUSRUDWLQJ DQ HVWLPDWH RI
WKH GLVWXUEDQFHV VXFK DV WKH UDWH RI KHDW ORVV WR
WKH RXWVLGH HQYLURQPHQW
:KLOH WKH WKHRU\ FDQ EH DSSOLHG WR WKH QRQOLQHDU
V\VWHP GLUHFWO\ WKH FRPSXWDWLRQDO HIIRUW WR FDOFX
ODWH WKH LQYHUVH LV PXFK JUHDWHU )XUWKHUPRUH WKH
QRQOLQHDU G\QDPLFV RI WKH V\VWHP DUH JRYHUQHG
E\ WKH ࢌሺ࢞ሻ WHUP ZKLFK LV GXH WR WKH UDGLDWRU
PRGHO 6LQFH WKH IOXFWXDWLRQV ZLWK WKH EXLOGLQJ DUH
UHODWLYHO\ VPDOO WKH ORFDO OLQHDU V\VWHP  ZLOO
EH VXIILFLHQW IRU FRQWURO PRGHO SXUSRVHV )XUWKHU
PRUH WKH PRGHOOLQJ LQDFFXUDFLHV DUH DGGUHVVHG
E\ WKH XVH RI WKH RXWHUORRS 3') FRQWURO ZKLFK
FRPSHQVDWHV IRU WKH PDWFKHG GLVWXUEDQFHV DQG
SDUDPHWHU LQDFFXUDFLHV
3UHOLPLQDU\ UHVXOWV
)LJXUHV  DQG  VKRZ WKH G\QDPLF UHVXOWV IURP
WKH PRGHO ZLWK UREXVW FRQWURO ODZ IRU D FROG EULJKW
GD\ 7KH VDPSOLQJ IUHTXHQF\ RI WKH FRQWUROOHU
ZDV VHW WR ͲǤͷ %HVW SHUIRUPDQFH DQG DFFXUDWH
VLPXODWLRQ IURP WKH QXPHULFDO VROYHU LV DFKLHYHG
ZKHQ WKH XSGDWH SHULRG RI WKH FRQWUROOHU LV VHW IRXU
WR ILYH WLPHV IDVWHU WKDQ WKH VORZHVW WLPH FRQVWDQW
LQ WKH V\VWHP
$V FDQ EH VHHQ LQ ILJ  WKH FRQWURO LV DEOH DIWHU
D VWDEOH WUDQVLHQW SHULRG WR PDLQWDLQ WKH VHWSRLQW
WHPSHUDWXUH ZLWK QR RVFLOODWLRQ RU µULQJLQJ¶ DURXQG
WKH VHWSRLQW W\SLFDOO\ DVVRFLDWHG ZLWK WKHUPDOO\
OHG &+3 VZLWFKLQJ RQ DQG RII WR IXOILO WKH GHPDQG
)LJXUH  VKRZV DOO RI WKH HOHPHQWV RI WKH HOHF
WULFDO QHWZRUN ZRUNLQJ WRJHWKHU WR DFKLHYH ]HUR
HOHFWULFDO JULG LQWHUDFWLRQ 7KLV GHPRQVWUDWHV WKH
VWUHQJWK RI WKH UREXVW FRQWURO VWUDWHJ\ DV LW LV
DEOH WR EDODQFH ERWK WKH WKHUPDO DQG HOHFWULFDO
QHWZRUNV ZLWKRXW DQ\ UHOLDQFH XSRQ WKH HOHFWULFDO
JULG
&21&/86,21
$ UREXVW QRQOLQHDU FRQWURO VWUDWHJ\ KDV EHHQ SUH
VHQWHG ZLWK SRWHQWLDO DSSOLFDWLRQ WR D YDVW DUUD\ RI
K\EULG HQHUJ\ VXSSO\ V\VWHPV WKDW KDYH FRXSOHG
HOHFWULFDO DQG WKHUPDO GHPDQGV ± ZLWK WKH JRDO RI
PLQLPLVLQJ WKH LQWHUDFWLRQ ZLWK WKH QDWLRQDO JULG ±
DQG PRYH WRZDUGV HQHUJ\ DXWRQRPRXV RIILFHV
7KH FRQWURO LV D SUDJPDWLF VROXWLRQ WKDW UXQV LQ
UHDOWLPH ZLWKRXW NQRZOHGJH RI WKH H[WHUQDO HQYL
URQPHQW RU IXWXUH SUHGLFWLRQ RI ]RQH XVH RU DYDLO
DELOLW\ RI HQHUJ\ VRXUFHV ,W LV DOVR UHVSHFWIXO RI XQ














)LJXUH  '\QDPLF UHVSRQVH ± WHPSHUDWXUH
















)LJXUH  '\QDPLF UHVSRQVH ± (OHFWULFDO SRZHU
GHUVL]HG KHDWLQJ V\VWHPV DQG DFWXDWLQJ HOHPHQWV
VR WKDW WKH V\VWHP UHPDLQV VWDEOH DQG DFKLHYHV
EHVW SRVVLEOH SHUIRUPDQFH LQ WKH IDFH RI SDUDPH
WHU XQFHUWDLQW\ DQG PRGHOOLQJ LQDFFXUDFLHV
2QO\ SUHOLPLQDU\ UHVXOWV KDYH EHHQ SUHVHQWHG
KHUH DV WKH HPSKDVLV ZDV SODFHG RQ WKH XQGHU
O\LQJ WKHRU\ DQG LWV DSSOLFDWLRQ WR JHQHUDO HQHUJ\
V\VWHPV )XWXUH ZRUN ZLOO GHWDLO LWV DSSOLFDWLRQ WR
ODUJHU DQG PRUH LQGHSWK FDVH VWXGLHV ZLWK WKH
XOWLPDWH JRDO RI ILHOG WULDOV ZLWK SK\VLFDO V\VWHPV
RXW ZLWK WKH VLPXODWLRQ HQYLURQPHQW
120(1&/$785(ߔJURVV JURVV KHDW LQSXW LQWR WKH V\VWHPሶ݉ IXHO IXHO IORZ UDWH  H?H?ܮܸܪ IXHO ORZHU KHDWLQJ YDOXH RI IXHO  H?H?
QܲHW HOHFWULFDO RXWSXW RI &+3 HQJLQH ߟH &+3 HOHFWULFDO HIILFLHQF\ J?ߔJHQ UDWH RI JHQHUDWLRQ ZLWKLQ &+3 ߟT SDUW ORDG WKHUPDO HIILFLHQF\ RI WKH&+3 HQJLQH J?ܥH? WKHUPDO FDSDFLWDQFH RI VWDWHH?H?ߔ+; UDWH RI KHDW WUDQVIHU WR WKH FRROLQJZDWHU ߔVNLQORVV UDWH RI KHDW ORVV IURP WKH XQLW ߆HQJ EXON WHPSHUDWXUH RI HQJLQH לߔH? 1RPLQDO UDGLDWRU RXWSXW ߂߆H? 1RPLQDO UDGLDWRU LQOHWRXWOHWWHPSHUDWXUH ל߆H (QYLURQPHQWDO WHPSHUDWXUH
5()(5(1&(6
>@ &DUORV 8OORD 3DEOR (JXtD -RVp /XLV 0LJXH]
-DFRER 3RUWHLUR -RVp 0 3RXVDGD&DUEDOOR
DQG $QWyQ &DFDEHORV )HDVLELOLW\ RI XVLQJ
D 6WLUOLQJ HQJLQHEDVHG PLFUR&+3 WR
SURYLGH KHDW DQG HOHFWULFLW\ WR D UHFUHDWLRQDO
VDLOLQJ ERDW LQ GLIIHUHQW (XURSHDQ SRUWV
$SSO 7KHUP (QJ ±




>@ )DEUL]LR 6RVVDQ +HQULN %LQGQHU
+HQULN 0DGVHQ 'LPLWUL 7RUUHJURVVD
/RUHQ]R 5H\HV &KDPRUUR DQG 0DULR
3DRORQH $ PRGHO SUHGLFWLYH FRQWURO
VWUDWHJ\ IRU WKH VSDFH KHDWLQJ RI D
VPDUW EXLOGLQJ LQFOXGLQJ FRJHQHUDWLRQ
RI D IXHO FHOOHOHFWURO\]HU V\VWHP ,QW
- (OHFWU 3RZHU (QHUJ\ 6\VW ±




>@ 3KLOLSS :ROIUXP 0DUWLQ .DXW] DQG -RFKHQ
6FKlIHU 2SWLPDO FRQWURO RI FRPELQHG KHDW
DQG SRZHU XQLWV XQGHU YDU\LQJ WKHUPDO
ORDGV &RQWURO (QJ 3UDFW ±




>@ - .RUWHOD DQG 6/ -lPVl-RXQHOD
0RGHOLQJ DQG PRGHO SUHGLFWLYH FRQWURO RI WKH
%LR3RZHU FRPELQHG KHDW DQG SRZHU &+3
SODQW ,QW - (OHFWU 3RZHU (QHUJ\ 6\VW 




>@ 0RKDPPDG + 0RUDGL 0HKGL +DMLQD]DUL
6KDKULDU -DPDVE DQG 0DKPRXG 3DULSRXU
$Q HQHUJ\ PDQDJHPHQW V\VWHP (06
VWUDWHJ\ IRU FRPELQHG KHDW DQG SRZHU
&+3 V\VWHPV EDVHG RQ D K\EULG
RSWLPL]DWLRQ PHWKRG HPSOR\LQJ IX]]\
SURJUDPPLQJ (QHUJ\ ±




>@ -HDQ-DFTXHV ( 6ORWLQH DQG :HLSLQJ /L $S
SOLHG 1RQOLQHDU &RQWURO 3UHQWLFH +DOO 1HZ
-HUVH\  ,6%1 
>@ 5LFKDUG 0 3KHODQ $XWRPDWLF FRQWURO V\V
WHPV &RUQHOO 8QLYHUVLW\ 3UHVV /RQGRQ 8.
 ,6%1 
>@ $ %UDGVKDZ DQG -RKQ 0DUN &RXQVHOO 'H
VLJQ RI DXWRSLORWV IRU KLJK SHUIRUPDQFH
PLVVLOHV 3URF ,QVW 0HFK (QJ 3DUW ,




>@ -RKQ 0DUN &RXQVHOO <RXVDI $OL .KDOLG
DQG -RVHSK %ULQGOH\ &RQWUROODELOLW\ RI
EXLOGLQJV $ PXOWLLQSXW PXOWLRXWSXW VWDELOLW\
DVVHVVPHQW PHWKRG IRU EXLOGLQJV ZLWK VORZ
DFWLQJ KHDWLQJ V\VWHPV 6LPXO 0RGHO




>@ 8OOL $UQGW ,DQ %HDXVROHLO0RUULVRQ 0DUN
'DYLV :LOOLDP '¶KDHVHOHHU 9LNWRU 'RUHU
(YJHXQL\ (QWFKHY $OH[ )HUJXVRQ -RKQ
*XVGRUI 1LFN .HOO\ 0DULDQQH 0DQQLQJ
/HHQ 3HHWHUV 0DXUL]LR 6DVVR 'DQLHO
6FKUHLEHU 6HUJLR 6LELOLR .DWKOHHQ
6LHPHQV DQG 0LNH 6ZLQWRQ ([SHULPHQWDO
,QYHVWLJDWLRQ RI 5HVLGHQWLDO &RJHQHUDWLRQ
'HYLFHV DQG &DOLEUDWLRQ RI $QQH[ 
0RGHOV 7HFKQLFDO UHSRUW $QQH[  RI
WKH ,QWHUQDWLRQDO (QHUJ\ $JHQF\ (QHUJ\
&RQVHUYDWLRQ LQ %XLOGLQJV DQG &RPPXQLW\
6\VWHPV 3URJUDPPH 
>@ 1DWLRQDO 5HQHZDEOH (QHUJ\ /DERUDWRU\
39:DWWV  85/ ?iiT,ff``2/+X
M`2HX;QpfbQH`f+H+mHiQ`bfSoqhhaf
p2`bBQMRf
>@ * &RQUR\ $ 'XII\ DQG /0 $\RPSH
9DOLGDWHG G\QDPLF HQHUJ\ PRGHO IRU D
6WLUOLQJ HQJLQH ߤ&+3 XQLW XVLQJ ILHOG
WULDO GDWD IURP D GRPHVWLF GZHOOLQJ (QHUJ\




>@ +RVHRQJ /HH -RKQ %XVK <XQKR +ZDQJ
DQG 5HLQKDUG 5DGHUPDFKHU 0RGHOLQJ
RI PLFUR&+3 FRPELQHG KHDW DQG
SRZHU XQLW DQG HYDOXDWLRQ RI V\VWHP
SHUIRUPDQFH LQ EXLOGLQJ DSSOLFDWLRQ LQ
8QLWHG 6WDWHV (QHUJ\ ±




>@ - *RGHIUR\ 5 %RXNKDQRXI DQG 6 5LIIDW
'HVLJQ WHVWLQJ DQG PDWKHPDWLFDO PRGHOOLQJ
RI D VPDOOVFDOH &+3 DQG FRROLQJ V\VWHP
VPDOO &+3HMHFWRU WULJHQHUDWLRQ $SSO
7KHUP (QJ ± -DQXDU\




>@ ,DQ %HDXVROHLO0RUULVRQ $OH[ )HUJXVRQ
%UHQW *ULIILWK 1LFN .HOO\ )UDQoRLV 0DUpFKDO
DQG $QGUHDV :HEHU 6SHFLILFDWLRQV IRU 0RG
HOOLQJ )XHO &HOO DQG &RPEXVWLRQ%DVHG 5HV
LGHQWLDO &RJHQHUDWLRQ 'HYLFHV ZLWKLQ :KROH
%XLOGLQJ 6LPXODWLRQ 3URJUDPV 7HFKQLFDO UH
SRUW $QQH[  RI WKH ,QWHUQDWLRQDO (QHUJ\
$JHQF\ (QHUJ\ &RQVHUYDWLRQ LQ %XLOGLQJV
DQG &RPPXQLW\ 6\VWHPV 3URJUDPPH 
85/ rrrX+Q;2M@bBKXM2i
>@ $ 5RVDWR DQG 6 6LELOLR &DOLEUDWLRQ
DQG YDOLGDWLRQ RI D PRGHO IRU VLPXODWLQJ
WKHUPDO DQG HOHFWULF SHUIRUPDQFH RI
DQ LQWHUQDO FRPEXVWLRQ HQJLQHEDVHG
PLFURFRJHQHUDWLRQ GHYLFH $SSO
7KHUP (QJ ± 'HFHPEHU




>@ ,DQ %HDXVROHLO0RUULVRQ DQG $OH[ )HUJXVRQ
,QWHUPRGHO &RPSDUDWLYH 7HVWLQJ DQG (PSLU
LFDO 9DOLGDWLRQ RI $QQH[  0RGHOV IRU 5HV
LGHQWLDO &RJHQHUDWLRQ 'HYLFHV 7HFKQLFDO
UHSRUW $QQH[  RI WKH ,QWHUQDWLRQDO (QHUJ\
$JHQF\ (QHUJ\ &RQVHUYDWLRQ LQ %XLOGLQJV
DQG &RPPXQLW\ 6\VWHPV 3URJUDPPH 
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